Introduction
============

Cervical spondylotic myelopathy (CSM) is the most common cause of cervical spinal cord dysfunction in middle aged and older patients \[[@B1],[@B2]\]. The primary mechanism of CSM is compression of nervous tissue and factors that can lead to spinal and intervertebral foramen narrowing, including disk degeneration, bulging, spondylosis, and Ossification of posterior longitudinal ligament \[[@B3]-[@B5]\]. In patients with CSM, magnetic resonance imaging (MRI) is the most useful diagnostic test to detect the causes of spinal compression and to confirm the changes in intervertebral disc and soft tissue \[[@B1],[@B6]\].

The representative clinical signs and symptoms of CSM are numbness and loss of dexterity in the upper limb and gait disturbance due to weakness or sensory loss in the lower limbs. The most common level of cervical spinal cord abnormality in patients of all ages is C5-6, C6-7, and C4-5 in descending order \[[@B2]\]. The sensation in the dermatome and muscle group controlled at this spinal cord level can be affected, as well. Gait disturbance is another bothersome symptom in patients with CSM. The gait abnormality due to involvement of the long tract in the spinal cord, often presents as a broad-based, hesitant, and shuffling gait \[[@B7]\]. Although there are a lot of studies about CSM, almost all studies have focused on hand function and only a few studies examined the gait function in patients with CSM. In the previous studies related to gait analysis in CSM, the differences between the preoperative and postoperative gait parameters were usually compared and the changes were described \[[@B8]-[@B10]\]. The recovery from gait dysfunction is a major issue in clinical treatment, and many studies have tried to determine the improvement in the gait after operation; however, the cause of gait dysfunction in CSM is not clear. Recently, it has been suggested that a more intense increase in signal intensity on T2-weighted MRI could indicate the presence of gait abnormality \[[@B11]\]. However, there was no study in which the effect of the number of involved spinal cord segments on the gait characteristics was examined in patients with CSM.

The purpose of this study was to investigate the relationship between the severity of CSM and gait disturbance in terms of gait analysis in patients with CSM and to determine the effect of the number of stenotic lesions on gait parameters.

Materials and Methods
=====================

The present study was a retrospective review, which was approved by the institutional review board of our hospital.

Inclusion criteria were the following: 1) patients who diagnosed as having CSM on the basis of the clinical findings and imaging methods, 2) degree of stenosis was over than grade 2 as proposed in the study by Muhle et al. \[[@B12]\], and 3) patients who had undergone surgical treatment. Exclusion criteria were the following: 1) patients who could not walk independently without an assistive device, 2) patients who had other combined pathology at another level of the spinal cord or extremities previously were excluded, as well. A total of 23 patients were included. The MRI studies were used to confirm the numbers of involved spinal cord segments were analyzed. Spinal stenosis was classified for each segment according to the following grading system: 0, normal; 1, partial obliteration of the anterior or posterior subarachnoid space; 2, complete obliteration of the anterior or posterior subarachnoid space; and 3, cervical cord compression or displacement \[[@B12]\]. The subjects were classified into 2 groups: group I consisted of 9 patients with a single-level stenotic lesion, and group II consisted of 14 patients with multi-level stenotic lesions. There were 10 cases of level 2 involved patients and 4 cases of level 3 involved patients. The number of cases showing high signal intensity on T2-weighted MRI was evaluated as well.

The Japanese Orthopaedic Association (JOA) score was used to assess the motor function in the upper and lower limbs, as well as sensation and bladder function ([Table 1](#T1){ref-type="table"}), and the assessment was performed by an orthopaedic spine surgeon before the surgical treatment.

Gait was compared between groups and the temporospatial, kinetic, and kinematic parameters were analyzed using 3-dimensional Motion Analysis System (Oxford Metrics Inc., Oxford, UK) which consisted of 8 VICON MX-T20 infra-red cameras and 2 force-plates (AMTI, Watertown, MA, USA). The signals from the force plates placed on the center of the walking area were synchronized with the kinematic data using a Nexus ver. 1.5.2 (Vicon Motion Systems Ltd., Oxford, UK). A total of 16 reflective markers were used for this study and the markers were placed over each subject\'s bilateral anterior and posterior superior iliac spines, lateral thigh, femoral epicondyle, tibia, malleolus, second metatarsal head, and posterior calcaneus. The marker placement was performed using the Plug-in Gait model (Vicon Motion System) and carried out by an experienced operator. The capture volume of the cameras was calibrated prior to each assessment to achieve calibration residuals less than 2.5 mm. Anthropometric data were collected according to a standard protocol. Participants were instructed to walk at self-selected comfortable speeds along an 8 m walkway. After a warm-up trial to familiarize the participant with the protocol, walking trials were continued until 10 trials with good quality data of participants striking the force plate clearly had been achieved. The gait cycle events (heel strike and toe off) were identified automatically from the force plate data during walking. The kinematic and kinetic data were calculated in 3 planes and the data for the trials were filtered by using the Woltring filter.

The JOA score, gait parameters during stance, and swing phase were compared. For the comparison of the JOA score between 2 groups, total scores and motor dysfunction of the lower extremity scores were compared respectively. Gait parameters were compared between the 2 groups and the normal control group.

An SAS ver. 4.2 (SAS Institute, Cary, NC, USA) was used for statistical analysis. The significance of difference in the JOA score between the 2 patient groups with CSM was tested using the Mann-Whitney test. Temporo-spatial and kinematic parameters between the 2 patient groups and the normal control group that was selected from our normative database of 15 age-matched healthy volunteers were tested by the one-way analysis of variance. Multiple comparisons were done using the Bonferroni\'s procedure; statistical significance was defined as *p* \< 0.05.

Results
=======

In group I, the average age was 58.3 ± 10.8 years (range, 42 to 76 years) and the average duration of symptoms was 7.1 ± 11.0 months (range, 0.3 to 36 months). In group II, the average age was 58.1 ± 9.0 years (range, 43 to 73 years) and the average duration of symptoms was 17.1 ± 22.8 months (range, 0.3 to 60 months). There was no significant difference in the age and duration of symptoms between group I and group II. The mean degree of spinal stenosis was 2.61 grade in group I and 2.54 grade in group II and no significant was found (*p* = 0.79). There was no significant difference in the JOA score between group I (13.9 ± 1.3; range, 12 to 15) and group II (13.0 ± 2.1; range, 10 to 16; *p* = 0.33). JOA scores of motor dysfunction of the lower extremity between the 2 groups showed no statistically significant difference (group I, 2.3 ± 0.7 and group II, 2.8 ± 1.1; *p* = 0.09). There was no statistically significant difference in the ratio of presentation of increased signal intensity on T2-weighted MRI between group I (55.6%) and group II (57.1%) (*p* = 0.92) ([Table 2](#T2){ref-type="table"}).

There were statistically significant difference in the cadence (*p* = 0.003), walking speed (*p* \< 0.001), step length (*p* \< 0.001), and stride length (*p* = 0.012); these were lower in group II than in group I and in the normal control group. In addition, the step length in group I was lower than that in the normal control group. There was a significant difference in the step time (*p* = 0.007) and stride time (*p* = 0.006) and these were higher in group II than in group I and the normal control group ([Table 3](#T3){ref-type="table"}).

The range of motion of knee and ankle joint was decreased in group II than in group I and normal control group ([Fig. 1](#F1){ref-type="fig"}). Ankle plantarflexion moment was decreased in group II than in group I and normal control group, but the knee extension moment and hip extension moment were similar between groups ([Fig. 2](#F2){ref-type="fig"}). There was a statistically significant difference in the peak knee flexion angle during the swing phase (*p* \< 0.001) and peak ankle plantarflexion moments during the stance phase (*p* = 0.002) and these were decreased in group II compared to group I and normal control group. There was a significant difference in the peak knee and hip power generation during the stance phase (*p* = 0.028, *p* \< 0.001, respectively); these were decreased in group II compared to group I. The peak ankle power generation was decreased in group II compared to group I, as well as the normal control group (*p* \< 0.001). There was no significant difference in the peak ankle power generation between group I and the normal control group ([Table 4](#T4){ref-type="table"}).

Discussion
==========

Gait disturbance is one of cardinal symptoms in patients with CSM, which develops soon after weakness or clumsiness of the upper extremities \[[@B13]\]. The symptoms of a \"myelopathic gait\" include loss of balance, stiffness, unsteadiness, and loss of power in the legs, and it is a broad-based and shuffling gait with disruption in smooth, rhythmic function \[[@B14]\]. Previous studies reported regarding the decreased walking speed and step length, but there was a difference in the kinetic and kinematic parameters \[[@B8],[@B11],[@B15],[@B16]\]. Maezawa et al. \[[@B16]\] reported knee hyperextension, whereas Kuhtz-Buschbeck et al. \[[@B8]\] reported reduced ankle joint extension and no difference in knee and hip extension. These studies include patients with CSM and gait disorder, but they did not classify the patient according to the severity of the disease. Suzuki et al. \[[@B15]\] reported loss of knee flexion during the early stance phase in patients with CSM for \>1 year and Kim et al. \[[@B11]\] reported a limited range of motion of knee and ankle in patients with CSM with increased signal intensity on T2-weighted MRI. In this study, we tried to determine the abnormal gait pattern in multi-level and single-level CSM.

The JOA score is a commonly used clinical assessment to classify the severity of CSM. In our study, there was no difference in the JOA score between group I and group II and a similar finding was reported in a previous study \[[@B11]\]. We selected the patients who could walk independently without any assistive device to perform gait analysis. This means that the functional assessment by the JOA score did not correlate with the quality of the gait pattern in ambulatory patients with CSM. To investigate the quality of gait in this group, we should apply a different evaluation method, such as gait analysis. Gait analysis by 3-dimensional motion capture system has been used for precise and quantitative assessment of abnormal gait in the field of orthopaedic surgery \[[@B15]\]. McDermott et al. \[[@B17]\] reported that 3-dimensional gait analysis is a useful method that has excellent reliability when evaluating the gait changes in patients with CSM. In this study, patients with multi-level stenotic lesions (group II) showed decreased step length, cadence and walking speed, and a longer step time compared to the normal control group. This was in line with the results of previous studies in which walking speed and step length were decreased, and double support time and step width were increased \[[@B8],[@B11],[@B15],[@B16]\]. However, in group I, only the step length was decreased compared to normal control group. Between the groups, the clinical severity of CSM appeared to be similar in terms of the JOA score, but the quality of gait was different.

Patients with multi-level stenotic lesions (group II) exhibited decreased peak knee flexion angle during the swing phase compared to that in patients with single-level stenotic lesion (group I) and normal control group. These results corresponded with those in the studies by Kim et al. \[[@B11]\] and Maezawa et al. \[[@B16]\]. Maezawa et al. \[[@B16]\] reported that patients with a JOA score of more than 10 points showed only decreased knee flexion during the swing phase. In our study, patients in group I and group II had a JOA score of more than 10 points, but only patients in group II show decreased knee flexion during the swing phase. Kim et al. \[[@B11]\] suggested that gait dysfunction in CSM might be associated with increased upper motor neuron signs and increased signal intensity on T2-weighted MRI and reduced knee flexion due to knee joint spasticity in patients with spinal cord or brain injuries was reported as well \[[@B15],[@B18]\]. Although they used the modified JOA score, the average modified JOA score in their study was more than 16 points. In the 2 groups of our study, the ratio of presentation of change in the signal on T2-weighted MRI was similar. In group I, 55.6% of patients had increased signal intensity on T2-weighted MRI, but there was no significant difference in peak knee flexion during the swing phase compared to the normal control group and the temporo-spatial parameters were similar to those in the normal control group. In CSM patients with a relatively high JOA score, we suggest that not only the increased signal intensity, but also the number of stenotic lesions could be the cause of gait dysfunction.

Peak knee and hip power generation during the stance phase were decreased in group II compared to group I, and the peak ankle power generation and peak ankle plantarflexion moment during the stance phase were decreased in group II compared to group I, as well as normal control group. In association with changes in the linear parameters such as decreased walking speed, patients with multi-level stenotic lesions showed reduced peak knee flexion angle during the swing phase as well as a reduced peak ankle power and peak ankle plantarflexion moment. These findings could be interpreted to reflect the decreased power while walking forward \[[@B19]\]. Although there was no statistically significant difference in ankle plantarflexion angle in our study, decreased ankle plantarflexion angle in the graph was reported, which could have resulted from decreased ankle power generation and plantarflexion moment \[[@B16]\]. Gait dysfunction may be present in patients with neurological deficit because of lower limb stiffness and muscle weakness \[[@B10],[@B16]\], and according to our results the decreased power generation and plantarflexion moment by the ankle plantarflexor muscle is the predominant cause of gait dysfunction.

The knee hyperextension gait was also reported in patients with CSM for \>1 year \[[@B15]\] or who had a JOA score of less than 6 points \[[@B16]\]. In our study, although the average duration of symptoms in group II (17.1 ± 22.8 months; range, 0.3 to 60 months) was more than 1 year, there was no statistically significant difference in duration of symptoms between group I and group II and the average JOA score was more than 10 points in both groups, as well. Although there was no statistically significant difference between groups, the average knee sagittal angle during gait had a relatively increased knee extension in group II than in group I and normal control group. So, it could be postulated that if the patients in group II had a longer duration of symptoms or a lesser JOA score, then the upper motor neuron signs such as increased gastrocnemius muscle tone \[[@B16]\] would be more prominent and hyperextension of the knee could occur.

There are several limitations to this study. We selected only those subjects who could walk at least 20 m independently to perform gait analysis. So, patients with severe gait dysfunction or who could only walk with assistive devices were not evaluated in our study. Although the stenotic lesions on MRI were evaluated \[[@B12]\], it was a relatively subjective method and we do not know about the relationship between stenotic lesion and upper motor neuron signs. We classified the patients according to the number of stenotic lesions, thus we could not consider the severity of stenotic lesion. The signs and symptoms of CSM depend on the level of spinal cord involvement and CSM is often a multi-level process \[[@B20]\]. To evaluate the relationship between the severity of stenotic lesion and gait dysfunction, a further study classifying the patients according to the severity of stenotic lesion should be performed. Although our study has several limitations, this is the first study considering the effect of the number of involved spinal cord segments on gait dysfunction in patients with CSM. We found that even though there was no difference in the JOA score between groups, CSM patients with multi-level stenotic lesions had a higher degree of gait dysfunction compared to that in CSM patients with a single-level stenotic lesion. The number of involved spinal cord segments may be one of the associated factors related to gait deterioration in CSM. For the exact evaluation of the lower extremity function in myelopathic patients, gait analysis is recommended.

Conclusions
===========

Patients with multi-level stenotic lesions had decreased gait ability compared to that in patients with a single-level stenotic lesion. The number of involved spinal cord segments can be one of the causes of gait deterioration in patients with CSM. JOA score has some limitation in the evaluation of gait ability in the CSM patient. For the exact evaluation of the lower extremity function in myelopathic patients, gait analysis is recommended.
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###### 

An assessment scale for disability due to cervical myelopathy (JOA score)
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The JOA score in a healthy subject is the total of the best scores: (I+II+III+IV) = 17 points.

JOA: Japanese Orthopaedic Association.
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Subjects\' characteristics
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Values are presented as mean ± standard deviation or number (%).
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Comparison of temporo-spatial parameters between groups
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Values are presented as mean ± standard deviation.

^a)^*p* \< 0.05 compared with the normal control group, ^b)^*p* \< 0.05 compared with group I.

###### 

Comparison of kinetic and kinematic parameters between groups
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Values are presented as mean ± standard deviation.

a)*p* \< 0.05 compared with the normal control group, b) *p* \< 0.05 compared with group I.
